Introduction
than T 3 binding to TR are targeted by EDCs although this assumption is mainly based on in vitro studies (Cheek et al., 1999; Ishihara et al., 2003a , 2003b : Yamacuhi et al., 2003 Gauger et al., 2004) . Recently, chlorinated derivatives of bisphenol A were detected at the concentrations of 10 -8 M in wastewater from paper recycling plants in Japan (Fukazawa et al., 2001) . Of the chlorinated derivatives, trichlorobisphenol A and tetrachlorobisphenol A structurally resemble T 3 and L-thyroxine (T 4 ), respectively. Therefore, it is likely that they interfere with the thyroid system.
To determine which thyroid system process is targeted by EDCs in vitro, the experimental animal model Xenopus laevis may provide the most insight. As X. laevis tadpoles are water-living animals (all of its life stages occur in water) and have thin and permeable body skin, they may be particularly sensitive to a number of EDCs present in water. X. laevis is widely used as a laboratory animal and its development and gene expression is well characterized. For these reasons, X. laevis has been approved as an experimental model for evaluating the effects of EDCs in amphibians by the Organization for Economic
Cooperation and Development (OECD). As amphibian metamorphosis is obligatorily controlled by THs, amphibian tadpoles are a good model animal for understanding the molecular mechanism by which EDCs disrupt the thyroid system.
In the present study, we investigated the effects of phenolic and phenol compounds, including chlorinated and iodinated compounds, on the X. laevis thyroid system in vitro-competitive interactions of the chemicals with [ 125 I]T 3 (122 MBq/µg; carrier free) was purchased from NEN Life Science Products (Boston, MA). Unlabeled T 3 (>98% purity) and T 4 (>98% purity) were obtained from Sigma (St. Louis, MI). Bisphenol A (>98% purity), 2,4,6-triiodophenol (>98% purity) and o-t-butylphenol (>95% purity)
were purchased from Wako Pure Chemical Industries (Osaka, Japan) and 4-nonylphenol (>97% purity) was from Kanto Chemicals (Tokyo, Japan). 2-Isopropylphenol (>98% purity) was obtained from Lancaster (Morecambe, England). AG 1-X8 resin was from BioRad (Hercules, CA). The chlorinated derivatives (>98% purity) of bisphenol A and nonylphenol were synthesized as described previously (Fukazawa et al., 2001 ) and kindly provided by Dr. Y. Terao. All other chemicals used in this study were either chromatography grade or the highest grade available and were purchased from Wako Pure Chemical Industries or Nacalai Tesque (Kyoto, Japan).
All chemicals tested as EDCs were dissolved in dimethylsulfoxide to a concentration of 10 mM.
These chemicals were diluted with an appropriate buffer to give less than 0.4% (v/v) solvent. A control assay without the test chemicals was performed in the presence of the solvent alone and at less than 0.4% (v/v). The solvent did not affect the competitive [ 125 Sepharose 4B (Amersham Pharmacia Biotech), respectively, as described previously (Yamauchi et al., 2002) . They were stored in 10% glycerol at -85°C for later use. Protein concentration was determined by the dye-binding method using bovine γ-globulin as the standard (Bradford, 1976 (Yamauchi et al., 1993) . For the TR assay, the Dowex method (Lennon et al., 1980; Lennon, 1992) 
Metamorphosis assay
X. laevis tadpoles were purchased from Akita Xenopus Co. (Ibaraki, Japan). Tadpoles were staged according to Nieukoop and Faber (1975 
Real time polymerase chain reaction
Total RNA was extracted from the frozen tadpoles using the LiCl-urea procedure (Auffray and Rougeon, 1980 
Luciferease assay
Sense and antisense oligonucleotides containing the thyroid hormone response element (TRE), TH/bZIP TRE1 + TRE2 (-99 to -63) (Furlow and Brown, 1999) , were annealed and introduced into the 
Statistical analysis
The data are presented as mean ± SEM. Differences between groups were analyzed with either Student's t-test or Cochran-Cox test to evaluate the significance of the differences. P<0.05 was considered statistically significant.
Results

Effects of halogenated phenolic and phenol compounds on [ 125 I]T 3 binding to xTTR
To determine which halogenated phenolic and phenol compounds were strong competitors,
]T 3 binding to xTTR was examined at 4°C in the presence of various concentrations of the phenolic compounds with two phenolic rings: bisphenol A and its chlorinated derivatives (Fig. 1A) , and of the phenol compounds: nonylphenol and its chlorinated derivatives, 2,4,6-triiodophenol, 2-isopropylphenol and o-t-butylphenol (Fig. 1B) . Of bisphenol A and its chlorinated derivatives, 3,3',5-trichlorobisphenol A was the most powerful competitor with a 50% inhibitory concentration (IC 50 ) of 13 ± 3 nM. The rank order binding affinity was T 3 (IC 50 =5.6 ± 1.3 nM) > 3,3',5-trichlorobisphenol A (13 ± 3 nM) > 3,3',5,5'-tetrachlorobisphenol A (32 ± 2 nM) > 3,3'-dichlorobisphenol A (54 ± 10 nM) > 3,5-dichlorobisphenol A (240 ± 50 nM) > 3-chlorobisphenol A (320 ± 10 nM) > bisphenol A (2100 ± 200 nM). The relative affinity of xTTR for 3,3',5-trichlorobisphenol A was 160 times greater than that for bisphenol A but only two times less than that for T 3 . Of the phenol compounds tested, 2,4,6-triiodophenol was the most potent competitor with an IC 50 of 54 ± 21 nM and the rank order binding affinity within this group was T 3 > 2,4,6-triiodophenol > 2,6-dichloro-4-nonylphenol (240 ± 20 nM) > 2-chloro-4-nonylphenol (5700 ± 400 nM) > 4-nonylphenol (5800 ± 600 nM) > o-t-butylphenol (11000 ± 1000 nM) > 2-isopropylphenol (15000 ± 2000 nM). The relative affinity of xTTR for 2,4,6-triiodophenol was ten times less than that for T 3 . The relative affinity of xTTR for 2,6-dichloro-4-nonylphenol was 24 times greater than that for 4-nonylphenol but still 43 times less than that for T 3 . was the most powerful competitor with an IC 50 of 760 ± 100 nM. The rank order binding affinity for the phenolic compounds was T 3 (IC 50 =0.66 ± 0.04 nM) > T 4 (3.5 ± 0.6 nM) >> 3,3',5-trichlorobisphenol A (760 ± 100 nM) > 3,3',5,5'-tetrachlorobisphenol A (1300 ± 100 nM) > 3,3'-dichlorobisphenol A (2300 ± 100 nM) > 3,5-dichlorobisphenol A (4900 ± 400 nM) > 3-chlorobisphenol A (6900 ± 400 nM) > bisphenol A (24000 ± 3000 nM) (Fig. 2A) ; and for the phenol compounds 2,4,6-triiodophenol (1400 ± 200 nM) > 2,6-dichloro-4-nonylphenol (3400 ± 600 nM) > 2-chloro-4-nonylphenol (7900 ± 1000 nM) > 4-nonylphenol (16000 ± 100 nM) (Fig. 2B) . The relative affinity of xTR for 3,3',5-trichlorobisphenol A was 32 times greater than that for bisphenol A but only 10 3 less than that for T 3 .
I]T 3 binding to xTR LBD
xTR did not show significant affinity for o-t-butylphenol and 2-isopropylphenol. The rank order binding affinities for xTR were similar to those for xTTR.
Effects of phenolic and phenol compounds on X. laevis tadpole metamorphosis
To examine whether the potent chemicals selected from the above in vitro assays affect the thyroid system in the in vivo assay, X. laevis tadpoles in NF stages 52-53 were immersed in FETAX buffer containing 2 nM T 3 with or without each chemical and were cultured for 5-7 days at 25-26°C. At the end of the experiments, tadpoles treated with neither T 3 nor each chemical were in NF stages 52-53 whereas tadpoles treated with T 3 alone and with both T 3 and each chemical developed to NF stages 56-57 and 55-56, respectively. However, it was difficult to evaluate quantitatively the effect of each chemical on tadpole metamorphosis from the progress of the NF stage. Therefore, as end points for assessing T 3 antagonist activity of the potent chemicals on T 3 -induced metamorphosis, the following five morphological characteristics of X. laevis tadpoles were monitored during the culture: body length, tail length, interocular distance, forelimb length and hindlimb length. Significant morphological differences between positive (+T 3 ) and negative (-T 3 ) control tadpoles were found in the interocular distance alone on the fourth day and in the other three morphological characteristics except for body length on the fifth day or later (data not shown). In Figure 3 , the ordinate shows the ratio of interocular distance to body length (to compensate for the body size difference of each tadpole). A significant antagonistic effect of 3,3',5-trichlorobisphenol A on T 3 was detected using this ratio on the fourth day (Fig. 3A) . This ratio had a variation smaller than the ratios of the other three characteristics to body length. It was concluded that the interocular distance was the most sensitive end point available for determining the T 3 antagonist activity of EDCs in X. laevis tadpoles of the four morphological end points tested.
T 3 -induced metamorphosis was completely inhibited by 2 µM 3,3',5-trichlorobisphenol A and partially inhibited by1.2 µM 2,4,6-triiodophenol (Figs. 3A and 3B), both of which were potent in the in vitro assays. Interestingly, 6 µM o-t-butylphenol and 10 µM 2-isopropylphenol, which were moderately active in the TTR assay (Fig. 1B) but scarcely active in the TR assay (Fig. 2B) , also exerted T 3 antagonist activity in the X. laevis metamorphosis assay on the fourth day (Fig. 3B ).
To confirm whether the EDCs' effects on T 3 -induced X. laevis metamorphosis were due to their interference with the T 3 -signaling pathway, we examined the amount of TRβ transcript in whole tadpoles.
The trβ gene is a well known, early primary T 3 -response gene in metamorphosing X. laevis tadpoles (Wang and Brown 1993) . In X. laevis tadpoles treated with T 3 (2 nM), the amount of TRβ transcript increased 30-35 times on the fifth day after treatment (Figs. 4A and 4B ). The amount of TRβ transcript on the seventh day after treatment was the same as that on the fifth day (data not shown). Co-treatment of T 3 with 3,3',5-trichlorobisphenol A (2 µM), 2,4,6-triiodophenol(1.2 µM), o-t-butylphenol (6 µM) or 2-isopropylphenol (10 µM) significantly inhibited the T 3 -induced increase in the amount of TRβ transcript at the fifth or seventh day of treatment. The inhibition percentages obtained from independent repeated experiments were 39 ± 5% 3,3',5-trichlorobisphenol A (n=5), 44 ± 7% 2,4,6-triiodophenol (n=3), 30 ± 8% o-t-butylphenol (n=4) and 46 ± 10% 2-isopropylphenol (n=5). These results indicated that the four chemicals tested interfered with the T 3 -signaling pathway, causing the inhibition of T 3 -induced metamorphosis.
Effects of phenolic and phenol compounds on T 3 -dependent reporter gene assay in X. laevis cell line
Finally, we investigated the effect of EDCs on a T 3 -dependent reporter gene assay in the X. laevis cell line, XL58 (Fig. 5 ). In the absence of the compounds, T 3 (2 nM) increased luciferase activity by 5-6 times.
Co-treatment of T 3 with 3,3',5-trichlorobisphenol A (2 µM), 2,4,6-triiodophenol (1.2 µM) and 2-isopropylphenol (10 µM) significantly inhibited the T 3 -induced increase in luciferase activity.
Co-treatment of T 3 with o-t-butylphenol (6 µM) decreased T 3 -dependent luciferase activity, but the decrease was not significant. The inhibition percentages obtained from independent repeated experiments were 47 ± 12% 3,3',5-trichlorobisphenol A (n=3), 40 ± 8% 2,4,6-triiodophenol (n=3), 56 ± 5%
2-isopropylphenol (n=4) and 74 ± 6% o-t-butylphenol (n=3).
Discussion
The present study demonstrated that 3,3',5-trichlorobisphenol A and 2,4,6-triiodophenol exhibited T 3 antagonist activity at micromolar or less concentrations in all bioassays tested in X. laevis, and that o-t-butylphenol and 2-isopropylphenol exhibited T 3 antagonist activity at 6-10 µM in the in vitro TTR assay and the in vivo metamorphosis assays, but not in the in vitro TR assay: concentrations up to 31 µM were tested. As o-t-butylphenol had so weak effect on the T 3 -dependent reporter gene assay, its T 3 antagonist activity was considered not significant in our experimental conditions. These results indicate that the combination of several assays, which assess different TH system processes, is useful when evaluating the thyroid disrupting activity of EDCs due to different chemicals targeting different processes.
The rank order of binding affinities in the in vitro TTR and TR assays gave similar results although the TTR assay was more sensitive to the chemicals tested than the TR assay. Both xTTR and xTR had higher affinities for the chlorinated derivatives of bisphenol A and of nonylphenol than for their parent molecules. The relative potency of the chlorinated derivatives was generally dependent upon the degree of chlorination. xTTR and xTR have a binding preference for the two groups of chemicals. The first group contains chlorinated phenolic compounds that have two phenolic rings with chlorines in either ortho positions or in both ortho positions with respect to the hydroxy group, such as 3,3',5-trichlorobisphenol A and 3,3',5,5'-tetrachlorobisphenol A. The second group contains chlorinated or brominated phenols that have a single phenol ring with halogens in both ortho positions with respect to the hydroxy group, such as 2,6-dichloro-4-nonylphenol and 2,4,6-triiodophenol. The competitive binding characteristics of these chemicals were similar to previous studies, which analysed the interactions of the same chlorinated phenolic and phenol compounds with TTRs and TRs from different species (Yamauchi et al., 2003) and different halogenated phenolic and phenol compounds with human TTR (van den Berg, 1990; Meerts et al., 2000) and rat TR (Kitamura et al., 2002) ..
The binding preference of xTTR and xTR for the chlorinated phenolic compounds, belonging to the first group, may reflect their TH binding properties and the chemical's structural resemblance to THs.
Mammalian TTRs have 4-8 times higher affinity for T 4 than for T 3 (Robbins, 1996; Chang et al., 1999) while xTTR has 10 2 times higher affinity for T 3 than for T 4 (Yamauchi et al., 2002) . Interestingly, hTTR has 18 times higher affinity for 3,3',5,5'-tetrabromobisphenol A than for 3,3',5-tribromobisphenol A although xTTR has 2.5 times higher affinity for 3,3',5-trichlorobisphenol A than for 3,3',5,5'-tetrabromobisphenol A. Therefore, it may be concluded that TRs from lower and higher vertebrates and TTRs from lower vertebrates preferentially bind the phenolic compounds with a T 3 -like structure while TTRs from higher vertebrates preferentially bind the phenolic compounds with a T 4 -like structure. This raises the possibility that some EDCs differently affect TTR-mediated plasma TH homeostasis in tadpoles and mammals.
The binding mode of pentabromophenol and tribromophenol provides an example of how the halogenated phenols, belonging to the second group, bind to xTTR. Pentabromophenol and tribromophenol bind to human TTR exclusively in the 'reversed mode' with their hydroxyl group oriented towards the mouth of the binding pocket while T 4 , which structurally resembles the chemicals belonging to the first group, binds in the 'normal mode' with its hydroxyl group oriented towards the center of the binding pocket (Ghosh et al., 2000) . Therefore, it is likely that compounds belonging to the first group with a double-ring structure and compounds belonging to the second group with a single-ring structure bind to xTTR in the normal and reverse mode, respectively. These structure-activity relationships may provide clues for deducing the thyroid disrupting activity of other phenolic and phenol compounds.
Our in vitro and in vivo studies strongly suggest that halogenated phenolic and phenol compounds, such as 3,3'5-trichlorobisphenol A and 2,4,6-triiodophenol at micromolar concentrations, can directly affect T 3 binding to xTTR and xTR and exert their T 3 antagonist activity in vivo ( Table 1) , and that o-t-butylphenol and 2-isopropylphenol cause the inhibition of T 3 -dependent pathways by a molecular mechanism distinct from that for the above halogenated compounds. This is because o-t-butylphenol and 2-isopropylphenol did not compete with [
125 I]T 3 binding to xTR even at 31 µM, but exhibited TH antagonist activity at 6-10 µM in the metamorphosis assay (Table 1) . Therefore, further investigation into which cellular process other than the competitive interaction with T 3 binding to xTR is targeted by o-t-butylphenol and 2-isopropylphenol will be necessary.
During the in vivo experiments the concentrations of T 3 and each EDC that remained in the FETAX buffer, where tadpoles were reared, were quantified, by adding small amount of [ 125 I]T 3 into the buffer at the start of the experiments followed by counting its radioactivity in a gamma counter and directly by high-performance liquid chromatography, respectively. The concentrations of T 3 , o-t-butylphenol and 2-isoprophylphenol in the FETAX buffer maintained more than 2/3 of the initial concentrations at 48 h after starting the experiments or exchanging a new buffer whereas those of 3,3',5-trichlorobisphenol A and 2,4,6-triiodophenol decreased quickly with a half-life of 4-8 h, although the concentrations of all chemicals maintained almost the initial levels when the FETAX buffer containing the chemicals was kept in the absence of the tadpoles for 48 h (data not shown). It is likely that the thyroid-disrupting activity of 3,3',5-trichlorobisphenol A and 2,4,6-triiodophenol was underestimated for our in vivo studies. Exchange of the breeding buffer for the fresh one at least on every several hours or usage of several times volume of the breeding buffer would be necessary to keep the initial concentrations of the chemicals in the breeding
buffer. The precise mechanism by which the concentrations of 3,3',5-trichlorobisphenol A and 2,4,6-triiodophenol decreased quickly is under investigation.
Recently, it was reported that bisphenol A interfered with the thyroid system by recruiting the nuclear corepressor N-CoR to human TR (Moriyama et al., 2002) , and that hydroxylated polychlorinated biphenyls (OH-PCBs) caused the partial dissociation of TR/retinoid X receptor heterodimer complex from TRE (Miyazaki et al., 2004) . The effective concentrations, 0.1-1.0 µM for bisphenol A and 0.1 pM for OH-PCBs, were 2-8 orders of magnitude lower than the IC 50 values of human TR, 200 µM for bisphenol A (Moriyama et al., 2002) and 10-100 µM for OH-PCBs (Cheek et al., 1999a) , indicating that these compounds affect TR activation without displacing T 3 , which is in agreement with a recent report (Gauger et al., 2004) . This situation was similar to the results for o-t-butylphenol and 2-isopropylphenol obtained in our studies. Furthermore, chlorinated derivatives of bisphenol A have a molecular structure that resembles those of bisphenol A and OH-PCBs. Therefore, it is possible that phenolic and phenol compounds exert T 3 antagonist activity by a mechanism similar to that of bisphenol A or hydroxylated PCBs. Other molecular mechanisms by which the environmental chemicals interfere with the intracellular thyroid signaling pathway have been proposed, and which include TH metabolizing enzymes (Brouwer et al, 1998; Cheek et al., 1999b; Crump et al., 2002) , a crosstalk between TH and other hormonal pathways (Crump et al., 2002) and other nuclear regulatory proteins (Crump et al., 2002) . Further studies will be necessary to address the precise molecular mechanisms by which phenols and phenolic compounds affect the thyroid signalling pathway.
Bisphenol A is an essential component of epoxy resin. Nonylphenol is an industrial additive used in a wide variety of detergents and plastics. Simple phenols, such as butylphenols and isopropylphenols, have been used in the manufacture of surface-active agents, plasticizers and phenolic resins, and in many industrial products including oil additives, oil demulsifiers and antioxidants. A dozen of simple phenols are widely distributed in the water environment, such as river water, lake water, groundwater and seawater (JEA, 1999) . Bisphenol A is easily chlorinated by sodium hypochlorite (Fukazawa et al., 2002) , which is used as a bleaching agent in paper recycling plants and as a disinfection agent in sewage treatment plants.
In effluents from paper manufacturing plants in Japan, the maximum concentration for the chlorinated derivatives was 7.6 nM and for bisphenol A was1.6 µM (Fukazawa et al., 2001 ). The concentration of 2,4,6-triiodophenol in the environment has been unknown, although iodinated phenols can be easily generated from phenol in iodide water in the presence of chlorine under the experimental conditions (Patnaik and Khoury, 2003) . Considering the IC 50 values of xTTR for bisphenol A and of 3,3',5-trichlorobisphenol A, 2.1 µM and 13 nM, respectively, and the effective concentration of bisphenol A required to recruit the nuclear corepressor N-CoR to human TR as reported by Moriyama et al. (2002) , 0.1-1.0 µM, their interference with the X. laevis thyroid system could be possible at the concentrations reported in specific environments, although we can not elucidate how strong an impact these chemicals have on TTR-mediated TH homeostasis from our study. To estimate the relative potency of the test chemicals, unlabeled T 3 was examined under the same conditions. Non-specific binding, which was less than 10% of total binding, was subtracted from total binding to give specific binding. n=3 experiments performed in triplicate, except n=4 experiments for T 3 .
Deviations less than the size of the symbols are not shown. Each experiment was repeated three to four 
